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Phosphate handling hy the rat nephron during saline diuresis.
Inorganic phosphate handling by the nephron was investigated
using renal micropuncture techniques in fasted rats undergoing
sustained saline diuresis and in controls. The early distal and the
late accessible proximal convolutions of the same nephron were
micropunctured. Despite the presence of decreased fractional
volume reabsorption at the end of the proximal tubule during
saline diuresis, the tubular fluid to plasma phosphate ratio was
unaffected. Fractional phosphate delivery at this site was not
significantly higher. Fractional phosphate delivery at the early
distal and late proximal segments of the same nephron were
significantly correlated in both groups. The slopes of the re-
gression lines were not different. The delivery of phosphate to
the early distal tubule, for a given value of delivery from the late
proximal, was lower during saline diuresis. Mean fractional
phosphate reabsorption between the late proximal and the early
distal tubules was twice as high during saline diuresis as in con-
trols. This observation may account for the decreased fractional
phosphate excretion in ureteral urine observed in fasting animals.
Clearance studies indicated a different behavior between fed and
fasted rats undergoing saline diuresis. Fractional phosphate
excretion increased in the former and decreased in the latter.
Comportement du phosphate dans le néphron du rat au cours de
Ia diurdse saline. Le comportement du phosphate inorganique
dans le néphron a été étudié par microponctions tubulaires chez
des rats a jeun soumis a one diurèse saline et chez des animaox
contrôles. La premiere convolution distale et la derniere con-
volution proximale accessibles d'on méme néphron ont été
ponctionnées. Malgré Ia diminution de Ia reabsorption frac-
tionelle du filtrat glomérulaire a Ia fin du tube proximal le
rapport de concentration du phosphate tubule/plasma n'est pas
modifié. La fraction do phosphate filtré dClivrCe a ce site est non
significativement augmentCe. Ii existe one correlation significa-
tive, dans chaque groupe, entre les fractions du phosphate filtré
délivrées au tube distal précoce et au tube proximal terminal.
Les pentes des droites de regression ne sont pas significativement
différentes. Poor one méme valeor de Ia fraction délivrée a la fin
do proximal Ia fraction délivrée ao debut du distal est significa-
tivement inférieure au cours de Ia diurése saline. La fraction do
phosphate filtrd réabsorbée entre Ia fin du proximal et le debut
du distal est deux fois plus grande au cours de la diurese saline.
Cela peut rendre compte de Ia diminution de l'excrétion frac-
tionnelle de phosphate dans l'urine definitive chez les rats a
jeun. Les etudes globales montrent un comportement different
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au coors de Ia diurése saline suivant que les rats sont a jeun ou
nourris. L'excrétion fractionnelle des phosphates diminue chez
les premiers tandis qu'elle augmente chez les seconds.
Previous results from this laboratory [1] have indicated
that the reabsorption of inorganic phosphate by the proxi-
mal tubule of the normal rat does not parallel that of
sodium, i. e., the bulk of the filtered phosphate appears to
be reabsorbed in the earliest portions of this nephron seg-
ment. Quantitative phosphate reabsorption along later
portions of the proximal tubule appears to be limited by the
appearance of an uphill chemical concentration gradient.
The present study was initiated to further examine the
nature of renal phosphate excretion in the rat. The study
was divided into two parts: I) a renal micropuncture
evaluation of phosphate handling by the various segments
of the same superficial nephrons in fasted rats during the
presence or absence of a sustained saline diuresis; 2) a
clearance study in which the fractional phosphate excretion
of fasted and fed rats was compared during saline diuresis.
The latter studies were performed because earlier descrip-
tions of enhanced phosphate excretion during saline diuresis
were obtained in fed rats [2—4], whereas the animals in the
present micropuncture experiments were fasted at the time
of study.
The results of the micropuneture experiments during
saline diuresis suggest: 1) that the concentration gradient
for phosphate reabsorption is unaffected along the acces-
sible length of the proximal tubule; 2) that fractional
phosphate reabsorption is relatively increased between the
late proximal and early distal tubules (a nephron segment
that is arbitrarily defined as the "loop"); and 3) that frac-
tional phosphate excretion is relatively decreased in final
ureteral urine. The results of the clearance experiments
show that fractional phosphate excretion is increased in
fed rats, but decreased in fasted animals.
Methods
Micropuncture studies. Experiments were performed on
10 male rats (Sprague Dawley, Charles River C. D., France)
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whose weights ranged from 146 to 232g. The animals were
divided into two groups: 1) five rats in the experimental
group received an i. v. infusion of 0.15 M NaCl solution at
a constant rate of 100 jil/min/lOO g body weight; 2) five
rats in the control group received 0.15 M NaCI at a lower
rate of 12.5 jil/min/lOO g body weight. Laboratory chow of
constant composition (calcium: 11.1 mg/kg; magnesium:
1.54 mg/kg; vitamin D: 603 lU/kg) was made available to
all rats until 13 to 15 hours prior to an experiment. Free
access to water was allowed.
Anesthesia was achieved by the i. p. administration of
sodium pentobarbital (Mebubarbital, Abbott; 4 mg/100 g
body weight). The animals were placed on a heated table
and the rectal temperature was maintained between 36.5
and 37.5° C. Isotonic saline was infused via the right ex-
ternal jugular vein or a tail vein. The arterial blood pressure
was monitored and blood samples were obtained through
a catheter inserted into the right common carotid artery.
A tracheotomy was performed. Both ureters were catheter-
ized in order to establish that urine flow from both kidneys
was similar. The left kidney was exposed, immobilized,
covered with mineral oil and illuminated as described by
Lechene et al [5].
During surgery, estimated fluid losses in both groups of
rats were replaced by a single i.v. supplemental injection
of 0.15 M NaCI (0.5 ml/l00 g body weight). A priming dose
of radioisotopes was given at the end of surgery: tritiated
inulin (3H-methoxy inulin, New England Nuclear) and
32P-radiophosphate (32P-neutral sodium phosphate, Corn-
missariat a l'Energie Atomique, Saclay, France). The
priming dose was followed immediately by the administra-
tion of a sustaining dose via the route of NaC1 infusion
(5% of the priming dose of tritiated inulin was adminstered
per minute and 1 % of the priming dose of radiophosphate
was given per minute). Micropuncture was begun after an
equilibration period of 90 mm.
The early distal and the late accessible proximal con-
volutions of the same nephron were located by stereo-
microscopic observation after an injection of about 1 to
2 nl of lissamine green (0.4% w:v in 0.15 M NaCl) in the
proximal tubule via a micropipette whose external tip
diameter was three to four microns. The accessible early
distal and late proximal convolutions were subsquently
punctured. Samples were obtained from 23 separate ne-
phrons during saline diuresis; 21 nephrons were studied in
non-diuretic control rats. Samples of tubular fluid were
obtained during the distal immobilization of a previously
injected oil drop.1 The duration of collection was two
minutes for most proximal samples and three minutes for
most distal samples.
A blood sample (25 to 30 iil on dried sodium heparinate)
was obtained every 30 mm. Urine from the experimental
kidney was collected in a weighed tube during sequential
Except for one sample that was obtained from a distal tubule
in the control group.
periods of 30 minutes' duration in control animals, and
during whatever period of time was necessary to perform
two micropunctures in the same nephron in the experi-
mental group. Overall, four to six clearance periods were
performed. A larger blood sample was obtained at the end
of the experiment and the animal was then weighed.
Clearance studies. Experiments were performed on 10
male rats (Sprague Dawley, Charles River C. D., France)
whose weights ranged from 170 to 224 g). The animals were
divided into two groups: in one group, six rats were
allowed free access to food until the experiment began; in
the other group, four rats were deprived of all food for
13 to 15 hours prior to the experiment. Free access to water
was allowed in both groups. Saline diuresis was induced in
both groups by the infusion of a solution of 0.15 M NaC1
at a rate of 100 jtl/min/l00 g body weight after at least
three control periods had been obtained at a lower infusion
rate (12.5 jil/min/100 g body weight). All animals were
prepared for micropuncture as outlined above, and clearance
measurements were performed on the left kidney alone.
Analytical procedures. Each blood sample was centri-
fuged immediately, its hematocrit was read, and two
aliquots of plasma (5 jtl each) were obtained and processed
in an identical fashion: dilution with 50 p1 of water and
deproteinization with 50 tl of trichloracetic acid, 10% w : v;
10 jil of the supernatant was then used for the determination
of radioactivities and 50 p1 was used for measurements of
the concentration of inorganic phosphate according to the
method of Chen, Toribara and Warner [6]. This latter
technique was modified so that the final analytical volume
was 550 jil. Plasma phosphate concentrations were not
corrected for ultrafiltrable phosphate, Donnan equilibrium,
or the plasma protein concentration. Plasma sodium and
potassium concentrations were measured in the last blood
sample by flame emission photometry.
The timed collections of urine were first weighed and two
aliquots (5 p1 each) from each sample were then processed
as follows: the samples were diluted appropriately with
trichloracetic acid, 5% w:v, and 10 p1 aliquots were taken
for the assay of radioactivity and, for 75 urine samples,
50 jil aliquots were taken for determinations of the con-
centration of inorganic phosphate.
Tubular fluid samples were processed as described by
Lechene et al [5]. A known volume of each sample was
used for the determination of radioactivities. Small samples
(about 1 nl) of distal fluid were kept for a determination of
freezing point according to the technique of Ramsay and
Brown [7]. For determinations of radioactivity, the samples
were first deposited on fiber glass discs (Whatman GFC,
2.1 cm) containing 10 p1 of trichloracetic acid (5% w:v)
and then evaporated under an infrared lamp. The discs
were covered with 5 ml of scintillation mixture (POPOP,
Merck 7248, 300 mg; PPO, Merck 2946, 4 g; toluene,
Merck 8317, l000ml). Counting was performed in a
liquid scintillation counter (Nuclear-Chicago Mark I). The
settings were such that the spillover of 32P into 3H was
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Fig. 1. SNGFR measured in the same nephron from early distal
and late proximal puncture sites.
about 0.5%. An adequate number of counts was obtained
to give a precision superior to 1 % for plasma and urine
samples, and better than 3% for those of tubular fluid
according to optimum count charts [8].
The previously described equality of the specific activity
of 32P in plasma and urine [1] was again verified in 75
clearance periods. The ratio between chemical and radio-
active estimates of the U/P phosphate ratio was 0.9931
5EM 0.0074.
Calculations. Glomerular filtration rate (GFR) was
estimated by the calculated clearance of inulin according
to standard formulas. Single nephron glomerular filtration
rate (SNGFR) was calculated from the tubule fluid to
plasma inulin ratio (TF/P) of 3H-inulin and the volume of
tubular fluid collected per minute. The correlation between
estimates of SNGFR from proximal and distal collection
sites within the same nephron was significant in both
groups (Fig. 1). Sodium reabsorption by the proximal tubu-
les was calculated assuming a (TF/P)Na ratio of 1.0. Results
are expressed as mean standard error of the mean (saM).
Results
Micropuncture studies. Saline diuresis was accompanied
by a significant increase in body weight, a decrease in
hematocrit, an increase in the fractional excretion of
filtered sodium, a decrease in the fractional excretion of
filtered phosphate and a decrease in the urine to plasma
osmolal ratio. The plasma inorganic phosphate concen-
tration and glomerular filtration rate did not differ from
that observed in non-diuretic control rats (Table 1).
At the end of the accessible proximal tubule (Table 2),
the fraction of non-reabsorbed glomerular filtrate (P/TF)
3H-ln x 100, was significantly higher during sustained saline
diuresis than in control animals. The 32P tubular fluid to
plasma ratio, (TF/P) 32P, was unchanged. The fraction of
filtered phosphate remaining at this site, (TF/P) 32P/3H-Tn,
appeared to be increased slightly, albeit not significantly.
The average SNGFR was significantly higher. The calculat-
ed absolute reabsorption of inorganic phosphate per
nephron per minute was significantly higher while the
apparent increase in absolute sodium reabsorption was not
significant statistically (Table 2).
At the early distal tubule (Table 2) the fraction of non-
reabsorbed glomerular filtrate was significantly higher du-
ring saline diuresis; (TF/P) 32P and (TF/P) 32P/3H-ln were
both significantly lower. The percentage of glomerular fil-
trate reabsorbed in the loop was not significantly different
while the percentage of filtered phosphate as well as the ab-
solute amount of phosphate reabsorbed per nephron per
minute were both significantly increased. The percentage of
filtered phosphate remaining at the early distal tubule was,
in each group, correlated significantly with the percentage
of filtered phosphate that remained unreabsorbed at the late
accessible proximal tubule of the same nephron (Fig, 2).
The percentage of filtered phosphate and the percentage of
filtered water reabsorbed in the same loop were also corre-
lated significantly in each group (Fig. 3). Covariance anal-
ysis showed that the relationships in Figs. 2 and 3 did not
deviate from that of parallelism but that there was a signif-
icant difference between the values on the ordinates for
the same value on the abscissa (P <0.001).
The fraction of filtered phosphate excreted in ureteral
urine was significantly lower during saline diuresis (Table 1).
Table 1. Ovcrall results from the experimental and the control groups
Observation Saline diuresis N Controls N P
Increase in body weight, % 21.3a 5 7.49a±0.8 5 <0.001
Hematocrit, vol % 41.5 0.49 27 46.0 0.18 30 <0.001
Plasma P, ymoles/mI 2.21 0.05 27 2.19 0.04 30 NS
GFR left kidney, ml/min/100 g body wt 0.647 0.009 21 0.656 0.02 20 NS
Urinary flow left kidney, p1/mm/bOg body wt 25.8 1.22 21 2.3 0.07 20 <0.001
(IJ/P) Na/3H mx 100 5.25 0.14 21 0.97 0.07 20 <0.001
(U/P)32P/3H In x 100 16.55 0.66 21 21.61 20 <0.001
U/Posm 1.91 9 5.83 9 <0.001
a The increase in body weight was partly accounted for by mineral oil which was impossible to remove before weighing the animal
at the end of the experiment.
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o controls: 5 rats, 20 nephrons, r =0.46, P <0.05
• saline diuresis: 5 rats, 23 nephrons, r=0.66, P<0.001
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Observations
Saline
diuresis
N=23
Controls
N=21
P
Late proximal
(P/TF) 3H-In x 100 55.60± 1.38 49.19± 1.75 <0.01
(TF!P)32P 0.78±0.03 0.80±0.04 NS
(TF/P)32P/3HInx 100 43.24±2.19 39.11±2.00 NS
SNGFR, ni/mm 42.53 2.57 32.53 1.37 <0.01
P1 reabsorbed,
pmoles/mmnlnephron 54 3 43 2.40 <0.01
Na reabsorbed,
pmoles/min/nephron 2649 177 2325 146 NS
Early distal
(P/TF)3H-Inx 100 25.88±0.94 21.02 1.27 <0.01
(TF/P)32P 0.95±0.06 1.62 <0.001
(TF/P)32P/3H mx 100 24.58± 1.65 31.57 1.62 <0.01
SNGFR, nl/min 41.66± 2.15 32.30a± 1.23 <0.001
(TF/P) Osm 0.36 0.03 0.43 0.02 NS
Proximal minus distal
(P/TF)3H-Inx 100 29.62± 1.49 28.18± 1.73 NS
(TF/P)32P/3HInx 100 18.66±2.01 7.54± 1.65 <0.001
P reabsorbed,
pmoles/min/nephron 19 3 5.7 1.61 <0.001
Distal minus
ureteral urine
(TF/P)-(U/P)
32P/3H-Inx 100 8.22± 1.37 9.95± 1.51 NS
P1 reabsorbed,
pmoles/min/nephron 7.7 1.42 7.0 1.18 NS
P1 reabsorbed/P1 de-
livered to distal x 100 27 5.42 29 3.93 NS
Both the fractional reabsorption of filtered phosphate and
absolute phosphate reabsorption between the early distal
tubule and ureteral urine were calculated assuming homo-
geneity of the nephron population. A significant difference
between the two groups was not observed (Table 2).
Clearance studies. Fractional phosphate excretion during
saline diuresis was compared, in each rat, with the control
values that were obtained during the infusion of 0.15 M NaC1
(12.5 jil/min/lOO g body weight). The difference between the
values during saline diuresis and the mean control value
was calculated. The mean of the differences in the fed
group was 3.53 + 0.5% (N= 31) and —3.07 0.95%
(N=23) in the fasted group. This difference was significant
(P <0.001). A similar calculation for fractional sodium
excretion yielded values of +2.52±0.41% (N=31) in the
fed group and + 3.2 0.42% (N= 23) in the fasted animals.
The difference was not significant. Mean fractional phos-
phate excretion during the control periods was 6.6%
higher in the fasted group as compared to the fed animals:
22.91±2.00% (N=15) vs. 16.30±0.90% (N=28), P<
0.001.
0 30 40 50 60
(TF/P)32P/3H-In x 100
Late Proximal
Fig. 2. Relation between fractional phosphate deliveries to early
distal and late proximal convolutions of the same nephron.
Discussion
General response to sustained saline diuresis. The experi-
ments reported here were undertaken at least 90 minutes
after the beginning of a mild but sustained saline diuresis.
The decrease in TF/P inulin at the accessible end of late
Table 2. Micropuncture results from the early distal and the
late proximal convolutions of the same nephron
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Fig. 3. Relation between fractional phosphate reabsorption and
fractional water reabsorption in the loop.
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proximal tubules, although significant (Table 2), was smaller
than that observed by other authors during similar condi-
tions of saline loading [9—b]. The reason for this difference
is not clear. A comparison of our results with those of
others suggests that several possible explanations might be
considered: 1) the present experiments lasted for three
hours after saline diuresis had already been underway for
90 minutes during an antecedent equilibration period, a
period of study which is longer than that described by
most other authors; 2) 0.15 M NaCI was infused in the
present experiments whereas most authors have used
Ringer solutions; 3) the late proximal and early distal
tubules of the same superficial nephrons were sampled
exclusively, and it is worth noting that Schnermann et al
[11] who sampled from the late proximal and early distal
tubules of the same nephron in similar fashion, also ob-
served no more than a small reduction in end proximal TF/P
inulin ratios (l.8±sD 0.26 in controls vs. l.65±sD 0.21
during saline diuresis). The 4% difference in fractional
urine sodium excretion between the groups is close to the
difference in the fraction of non-reabsorbed sodium (6%)
at the late accessible proximal tubule. Thus, in these
animals, there was no evidence for a major increase in
fractional sodium reabsorption by more distal nephron
segments during saline diuresis as has been suggested by
others [12—131. This apparent difference between our results
and those of others might possibly be attributed to the
influence of factors such as those outlined above. Finally,
an apparent redistribution of filtrate from deep to super-
ficial nephrons may well have occurred since the whole
kidney GFR did not differ significantly in the two condi-
tions (Table 1), although the SNGFR increased signifi-
cantly during saline diuresis (Table 2).
Inorganic phosphate handling by the proximal tubule
during sustained saline diuresis. The observed results suggest
that the inorganic phosphate concentration gradient be-
tween luminal fluid and plasma is not altered during saline
diuresis. This observation differs from that obtained by
Frick in the rat [14] and Agus eta! in the dog [15]. These
authors reported that the TF/P phosphate increased during
saline diuresis. The relationship between our results and
those of Prick will be discussed below. Insofar as our
results and those of Agus et al [15] are concerned, the
observed differences may be explained by two possible
considerations: 1) a species difference between the response
of dog and rat; 2) the lack of a significant correlation be-
tween collection and recollection values for TF/P phosphate
in control animals, despite the fact that mean values may
be similar. Indeed, an approximate calculation based on
the data in Fig. 1 of Agus et al [15] yields a regression line
equation of y=0.13 x+0.6, r=0.22.
The hypothetical linkage between inorganic phosphate
and sodium reabsorption as suggested by Agus et al [15]
deserves further consideration as well. if, as these authors
suggested, each mole of phosphate in the reabsorbate was
associated with the reabsorption of 100 moles of sodium,
one might expect to observe a linear relationship between
changes of TF/P phosphate and TF/P inulin along the
proximal tubule. Indeed, a calculation based on this premise
yields the following equation: TF/P phosphate =(1 —K)
TF/P inulin + K, where K is the ratio plasma sodium/lOG
plasma phosphate. Such a linear relationship was not found
along the proximal tubule in either normal rat [1, 16, 17]
or dog [15]. However, such a relationship has been described
in parathyroidectomized animals [1, 18]. Furthermore, Le
Grimellec, Rome! and Morel (personal communication)
have also observed this relationship in micropuncture
samples from proximal tubules of magnesium-loaded rats.
This suggests that the scatter of (TF/P) phosphate data
from individual nephrons [1, 16, 17] does not necessarily
provide a sufficient explanation for failure to describe such
a relationship. It thus appears that phosphate and sodium
reabsorption are not likely to be linked in the proximal
tubule of normal rats.
Inorganic phosphate handling by the loop during saline
diuresis. The proportionality between fractional phosphate
reabsorption and fractional water reabsorption suggests,
but does not prove, that both of these events may well be
localized in the same part of the loop. Since fractional re-
absorption of filtered water by the loops of the superficial
nephrons was the same in both groups (Table 2), the alter-
native hypotheses might be discussed as to its main loca-
lization: 1) if water reabsorption by the descending limb
is not negligible, then it is likely to be higher in non-
diuretic animals and lower in diuretic ones. At the same
time, the reabsorption by the pars recta must be lower in the
former and higher in the latter. This view would lead one to
assume an increased fractional reabsorption of water by the
pars recta of diuretic animals; 2) if water reabsorption by
the descending limb is trivial during various states of diu-
resis, the similarity between the fractional reabsorption of
filtered water by the loop could be accounted for by re-
absorptive activity within the pars recta. Accordingly, if
water and phosphate reabsorption do take place at similar
sites, phosphate reabsorption in the "loop" could occur
in the pars recta as well.
Increased fractional phosphate reabsorption in the loop
during saline diuresis as compared to non-diuretic control
animals can be considered from two points of view. If it is
assumed that there is no phosphate addition from inter-
stitial fluid to tubular fluid in the loop, then one must con-
clude that the reabsorptive capacity for phosphate is in-
creased in the loop during saline diuresis. However, this
would imply that the pars recta behaves in a fashion that
differs completely from that of the accessible proximal
tubule. The results are perhaps more consistent with a
hypothesis that considers the presence of a bidirectional
flux of phosphate in the ioop, i. e., reabsorption and se-
cretion. The latter could predominate in control animals
where the osmotic gradient is high, and decrease or dis-
appear during saline diuresis when the osmotic gradient is
diminished, thus explaining the increase in reabsorption by
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the ioop. Such addition has been postulated already (1)
and recently documented in calcium-loaded rats (Le Gri-
mellec, Roinel and Morel, personal communication).
Fractional excretion of phosphate in ureteral urine. The
results of the present clearance studies show that fractional
phosphate excretion is increased during saline diuresis in
fed animals, a result that is in agreement with the obser-
vations of Frick [2, 3]. However, in fasted animals, a
decrease in fractional phosphate excretion was observed
during clearance and micropuncture studies as well. One
possible explanation for the different response of fed and
fasted rats can be found in Frick's hypotheses on the me-
chanism by which saline diuresis increases fractional phos-
phate excretion in fed rats. He suggested [4] that increased
phosphate excretion during saline diuresis is mediated by
the action of parathyroid hormone, and he proposed the
following sequence of events: saline diuresis decreases the
plasma concentration of calcium which stimulates the
endogenous release of hormone; in turn, parathyroid hor-
mone acts upon the proximal tubule to decrease phosphate
reabsorption. The withdrawal of food in the evening about
12 hours before starting the experiment means, in effect,
a 24 hour period of fasting, since rats fed ad libitum eat
mostly during the dark hours [19]. It is possible that the
release of endogenous parathyroid hormone is already
maximal in such rats, and that the superimposition of
saline diuresis is unable to effect any further increase in its
release.
Accordingly, it is proposed that in fasted rats, perhaps
under the influence of maximal parathyroid hormone
secretion, saline diuresis does not affect the phosphate
concentration gradient in the proximal tubule. Subsequent-
ly, increased phosphate reabsorption occurs within the loop
which results in a decrease of fractional phosphate excretion
in ureteral urine.
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